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Abstracts On the basis of references in the literature and on the
vriter s past experience.s-ith troublesome failures of
protective electricai equipment due to electrolytic corrosion,
this type of corrosion has been shown to be by far the major

4 cause of electrical relay failure. Advanced stages of corrosion
recently found in equipment associated with fWI indicates that
this phenomenon could be a possible fiture source of trouble
affecting WWI reliability, especially where relays and high
voltage power transformers are concerned.

Electrolytic corrosion involves the chemical reaction of copper
of the win(lings with the hydrolysis products of cellulose
Insulations in the presence of a positive d-c potential and
almost negligible amounts of moisture. To eliminAte or avoid
corrosion it is recommeneed that- a) -the windings of exist-
Ing relay inatallations be at negative d-c potentials with
respect to any cellulose-based insulation in immediate contact

with the windings, b) coils of new or tuture relay installations
contaln only cellulose acetate insulation and coverings, and
o) the atmosphere contained in hermetically sealed relays consistof
only inert gases that are not dissociated into corrosive pro-

ducts by contact arcing.

Past experience with electrolytic corrosion problems involving
protective electrical equipment in continuous ope-ation for long periods of
time at positive d-c potentials has led to an investigation of this phenome-
non as a possible future source of trouble affecting W1 reliability, especi.

ally where relays and higb-voltage rectifier powd::' transformers are concerned.
Since some cases of. electrolytic corrosion have aCready been found in equip-
ment more or loss directly associated with WWI, the writer believes that the
problem can best be brought to the attention of the engineering staff by
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citing typical e:tan es of the "phenomenon and by preaenting a. brief
reviev of references in the literatareo.

I. T_•pal Exarwles of Blectrolytio Corrosion

The first instance cited concerns coil failure of a. tej ephone-
type relay in a photo cell unit guarding the cooling water supply for a
la•ge underground power transformer. The relay coil waes connected In thc
plate circuit of a vacuum tube at a potential of approximately? +150 volts
above ground and consisted of a conventional insula~ed iron core with
vuloanilse fibre end vashers, wound with 50,000 turns or more of #l40 AoW.Go
enameled copper wire and covered with cotton yarn. A replacement relay
would not be available for at least a week, and the transformer could not
be deprived of cooling water protection for this length of time under any
circumstances, so renrindinug was' necessary.

In unwinding the old coil, it was found that in each place
where the end turns of the layers of wire touched the fibre end vamshers,
the copper bal been completely consusked by corrosion, and all that remained
were numerout circular paths of white powder adherinC to the inner squrface
of the fibre washer. The powder was analysed chemically and found to be
copper carbonate, an end product of the reaction of carbon dioxide in the
transformer vault with the original copper salts resulting from the cor-
rosion process. Relative humidity and ambient temperature in the vault were
ideal "for such corrosion to take place, although the process freque•a'tly oc-
cure even when conditions are supposedly extremely unfavorable, as will be
shown.

The second case, an excellent example of an advanced ut~age of
electrolytic corrosion, came to light quite uneXpeotedly while the writer
was disassembling a shorted high,.voltage rectifier power trar~sformer re-,
moved from a Sylvania P-5 Synchroscope. The transform'er was ranufactured
by the Palmer Electric and Manufacturing Company, Wakefield, Yassachusetts,
and rectifier circuits involved are shown In Firure 1. Although breakdown
of the Wnsulatioa on high voltage winding S-7 was the immediate cause of
failure and not electrolytic corrosion, large pits resulting from: tOe lat-
ter were found on the underside of the entire leagth of filament wnding j
S-6, This windiig was at an average d-c potential of +lO0 volts with respect

to high-voltage winding S-7 which was immediately underneath tut Insulated

from it by foQTr layers of 0.012" varnished cambrIc followed by two 'laers
of 0.005J kraft paper, as shown in Fig. 2. Corrosion pits were forsed where-
ever the filament winding contacted the kraft paper.

An identical filament winding (S--5) of the same wire (in all
probabilitite3 from the same original spool) wounl alongside S-6 as qhiwn,
on top of the same piece of kraft paper and over the same outer layer of

the high-voltage winding, showed not the slightest trace of a corrosion pit,
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1This filbvneat winding was electri call.7 conacted to the hi o-.tag
end of wind-ing S-,, tio that regardlm.fs of the inatantanaous a-c 'potav,
tials involved, '.t average d-c poa;.ntial wi }1h r 3spect to the hit,]b.-vo>0
tage winding was zerc'. A strikiriglj effect,.ve p'iotograp.ifc roamownrisoo
off samrples of bo'4ft filament winding* is showu in Figvre ,

Sarple3 of the kraft paper in.sulation thich had beer% ir direat
contact with the two filament windings are chown at approximat ly the omi:
magnification in Figire .5. In the upper photo, 'he dark elonpatod tarea
inside the rectaugle is a section o:f the enaLael ?rom the unoorrod wite
which adhered to the varnish impregnation of the kraft' paper durin- LUo--
winding, The glossy surface was completely free of all tracef of corr-'
sion. Effeotive sido, lighting in the lower photo shows the srall "'moun-
talus" of copper salts deposited in positions co.:,respondlng to the pits
In the overlying wire and of considerably lightev color than the uader-

lying aneulation or the surrounding pieces of enamel adhering thereto.

That tils corrosion wao able to proceed for a year or more
iunder apparently unfevorable conditions, with the windings tppore.ily

baked, varnish Impret:nated, asphalt potted, and hermetically s-lei in l a
metal case will be drionstrated in Section,V, page 10.

Il. Original Concepts of Electroliic Corrosion)2g6

After electrolytic corrosion was recogaized as a definite source
of failaro, it was first believed that free acid" in insulating mnaeriuls
contacting the wire were responsible. As variouc investigations progressed
it was soon realized that not only materialv with gcidic reactions but those
containiN. bases or ralts were also guilty.

It was next reasoned that the amount of corrosion exhlbitmd by an
Insulating material during a certain estimated poriod, hence its rate of
corrosion, was somehow related to the conductance of the material *r In-
versely proportional to the insulation resistance (specific re-istarice) of
the material, bit there were still some materials with much lower 1insulation
resistanc'e which showed very littie corrosion.

!V'oisture absorption or adsorption of materials was next supposed
as the primary factor in corrosion where surround.-ag humidity was high and
the corrosion obviously most eprtous, 'but again, some materials with high
moisture absorption capacity exhibited much less corrosion.

Each of these suppositions was subsequently refUted as careful
investigations eliminated them one by one, since it was now recogalzed that
electrolytic corrosion was indeed the major causo of equipment failure e2-
roneously attributed to other canses, and that it was a problem demanding
an imnediate solution. Since methods of minimizing or coroletily avol ding

effects depend on: a) an understanding of the corrosive properties ef m1-

posedly "innocent" materials under the right conditions, b) the caupes of

corrosion, and c) the mechanism of corrosion invclving copper windin.5a
5 the'se topics will be considered first.



0
0 COMPARISON OF INTACT AND PITTED SAMPLES OF TRANSFORMER

'A(0.040" DIAM.) SHOWING ADVANCED STAGE OF ELECTROLYTI(
FIG. 4



FIG 4

AA



0
SALTS (LOWER PHOTO) RF.SIXJl NG FROIM ELECTROLYTIC CORROSION.

FIG. 5



634•5
Enginee'ring Note B-407 Pc

711. Corrosive Properties of IniiulAting_VFaterialt,

Various major classes of commonly used insulatinp inater:.lul
exhibit corrosion effects under favorable conditions of )mmidit.*T, d.-c
potential, and ambient temperature.

A. ,odhesivoe

1. Glues, even highly purified, are highly corrosive, and
should not be used for electrical purposes under ay con.-
ditions, since they hydrolyze very rapidly under ambiont
conditions of high hurnidity and elevated temperatures,
producing organic acids which are a major cause of cor,
rosion.

2. $Dialyzed" glues, even though substantially electroly'ý,o-
free at first, show no improvement whatever because the
glues themselves are aources of electrolytes, as j.st
shovn..

3. Mucilage, a gelatinous plant extract containing complen:
carbohydrates, with or without starch bases, it similar
to glue in Itshydrolyzing and corrosive pronertles, hence
should also be avoided.

4. Rubber-resin, and even the common adhesive tape coAtings
of rubber, rosin, and zink oxide, have no corrosivt proper-
ties whatever, even after accelerated. aging, te.ts equivrient
to five years of normal lift. This class of adhesives contains
&bietic acid which is so weak and. difficultly zo.uble '.n water
that its acidic properties, even under the most favorable con-
ditions for corrosion, are negligible.

5. Resin-based adhesives, com.only known is "sticking varnishes"
in the electrical manufacturing trades, are likewise noro-cor-
rosive, but are not as Instantly effective as the rubber-resin
adhesive mentioned above) in that they require a partlil drying
period before adhesive properties become appreciable.

* Hydrolysis is a chemical decoV"roSition process involving the

addition of hydroxyl ioes (OA-) from moisture present in the

material.

r.
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1. Cellulcse-ba ed elec 'icaJ insulatn.Y, natertain., vacW3

paner, fibre board, vulcanized fibz,'e (horu fibrc• leather-
cid), cotton cloth, linen, viscose rayon., clu:Lt•- f'l•
(c•liophane), and wood. fibre are all corroeive -xaterial
in the presence of d-c potentials ead slight tracez if mdroýam0

2. Silk and wool are also corrosive, Yt wool (also a 13.oý oeil
fibre like cellulose) is coniderably bettor than eitUher
silk or cellulose, efen though its wat',r abcorption opacity
is much higher.

3. Bakelite, which contains imprernated celluloss in th.! Xorm

of either linen, cotton, or paper, has been shown t.) be
corrosive3 wherever The cellulose ie In immediate coatact
with current carrying conductors.

4. Chemical compounds of cellulose such ac cellalose acetate
and cellulose nitrate (celluloid), ribber ccmpounds, and
synthetic resins such as polystyrene (plexiglass), "moth-
acrylates (lucite), and vinyl plantics are all free .rom
corrosive effects on copper. Cellllose acetate especially,
In both sheet and woven cloth formt, shows no tendency toward
copper corrosion even after the moct exhauttive testso Ac-
cording to Stephens and Gehrenbeck, "there is every :Lndica,-
tion that a fine copper wire in cortact with ci.lalO.ose aceý-
tate will last asf long as one freely wisusendid In 'o"

In aibre 6, acomparison of the relet.ive leekage carponts of
two common insulating materials, tgmmed paper tape and cellulose -cetate
cloth aIhesive tape, shows the effect of varying combinations of '`,he afore-
mentioned hydrolysis, leakage resistance, and moicture absorption proper.-
ties. Since t'e individual effect of each of thece properties Irs difficult
to determine, leakage resistance is not a dependablu measure of inrulation
q•u&lity where favorable conditions for corrosion exist.

IV. Cautes of Corronion i2P 6

Paper, cotton or linen cloth, viscose rayons, tcellophane,
end wood fibre, in the presence of a d-c potential and slieht tri.ces of
moisture have all exhibited marked corrosion effects. In inwves.tgating
corrosion effects of various kinds of paper Inmalation, for exaJ•ple, water
extracts of all kindc of pqper ranging from the cherpest wrappizi, paper to
the highest quality csh-free chemical filter paper of the highly parified
alpba-cellulose type varied widely in pH content and electrolýrtic cnduc,
tivity. Low grade papers caused very bad corros.oan, baut there w,. not
onough significant difference between the worst and best Quliiy pagrs
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to warrant any conclusion other than tht collui,'ue i tself leae tw 'ilar=io
Cotton fabric ;yielded identical reeultt.

One offect of corrosion obse:rved was the chemical oxi6.tlon of
cellulose in the presence of moist'lare at the ano,lic eurface of m Da•.r of
fine platinum wires 3/16" apart, producing water-soluble organic acids,+
The entire area of the material involved in the -mmediate vicinity of the
platinum electrodes acquired reducing properties, indicating eitber hydra.
tion or oxidation. Free acid was present only ZaLong the thin line w.here the
2ositive electrode conta&cted the material. This acid combines with copper
to for•a a green corrosion product.

Electrochemical oxidation is readily lomonstrated by moans of an
oxidation cell containing a grou-nd-up snpensl.op of neutral cellulose fibre
in distilled water. Passage of an electric cunrnt through the cell pro-
duces large qientities of oomplex water-soluble organic acids.

The above effects are completely indeendent of the presence
or absence of minute traces of electrolytes in the original samples, there-
fore there is no point in extreme purification, or even mild purification
of papers or cloths, hence the fallacy of specif:Aing "acid-free" insulating
papers%

*Since the development of corrosive properties Ln protein materl-
ale could be almost completely due to bydrolysis and not oxidation , one can
Immediately soecify invulating materials with th,3 following chemical chare..c-
ten sties;

a) Inherently non-electrolytic

b) resistant to oxidation or hydrolyis (e.g., cellulose
ethers, esters, nitrates, or acetates)

c) if not resistant to oxidation or hydrolysio, then the
material (rubber compounds, for e:xample) nast yield '
only nono-electrolytic decomposition products,

From b)$ the best solution to the prollAm is to replace the
hydroxyl components of the cellulose materials wi.th ethers, esters, nitrates,
or acetates, the last mentioned being the most practical and economicalo

V. Mechanism of 2oM•er Corrosion

For corrosion to exist, two prorequisites are necessarya
a) oxidation conditions at the surfaoe of the colpper, and b) availability
of a negative ion. The 4 xidation of metallic copper to capric lea can be
"vr~ton as Chx + Pe .+•4C and the corrooion process then becomes
Ch + 2A A2 where A is the needed negative ion, the corrosioni
compound beinfg deposited on the insulation at the positive wire a& long
as there is a path through which the ions can move, namely" that urplied by

.I
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water in t-e col.u~loqie itself. Th~te 1-hat there it aawaya a. ziof :lc
of current assocciated vith this proce)is which Min1,5 14ake an,:Viwizro 1:11 a
week to oven. years to completely C=t1'taU the wix,5 at a pai~nt. 'E.\n Iln
low humidities, or v:~rttxal abseucB o f free water in. the m'at,-ri al, corros~c r
can take place even at a very slow rate. This Ii readlyT domonsntvated by
the existance of electrolytic corroricn in the transform,,- of EaiP1*21
page 2 , even wita the windings sup3'ovedly baked, varnish i~p ~t 'ane
surrouinded by an asphalt potting carnapound in a harrmetically ,,,al e'A :'atal
camse

VI. -Methods of Protection Aga~inst Corrosion

Tests and Investigations ba-vo ehoven that the major caues of
relay coil lailure io eleotrolytic corrosion. 71iig does no'z Inclade a sn.1
percentage of other failures of elth!n- electrice~t or mau.hanica1 nature iDn,
Tolviflg partiz;lly shorted colsq opea-circulted windings reaunltir- Trom
continuous heating artd cooling cycles, grounded. vinding. resultirg T~roia 1ii-
sulation failure., or mechanical fail'ares such as welded contacts or stick~ing
armatures.

Obviously, if all cellulose.-based insulating materials mad ad-p
hesives containing glue or other bydrolyzing substances are *limli'ated from
relay coils of fine wire energized for long periods of time at positivo &-c
potentials, relay life expectaacy to without limit whore corrosica e-linin&'.
tion Is concerned, as shown ip Figar,37, pag 9

If cellulose Insalating mraterial Mastv be used for ocenomica"a r.va-
eonss, It muslt be protected so that t:~ie copper cax. mover come into contact with
the material itself. For example, rmqlays =nch an 111sod in the punched tape,*
and typewriter equipment associated with WWI depend on valcanizmd fibro wash-
or* staked In place for mechianical wipport of the flite copper wire windcUnt:% of
the relay coil as shown In 7imlre 3, Page 3 .A thin washer of cellulose
acetate film prevents the wire fromn coming In contact with the flibre. The
protective covering for the coll, as well as coro Insulation, coniliets of a4
thin3, adhesive-coated cellulose aceta~te film. Practically all tolephona-.
type relays, stopping switches,, and ringing mechanisms manutfactured within.
the past ten yewrs utilize this t~ype of coil oonstru~ction.

If In a Particuilar relay installation, coil lnumlation io not of
-cellulose ace~tate, any tendency towar-d electrolytic corrosiolA can be complete-
ly eliminated, by reinstalling the relay In the negative side of t.ie d-c- source
of voltage where circuit conditions. permit. Hoee-- if bias reqxiremnentr
for a vacwusa-tabr-aotmated relay,, for example, prohibit insertion of the re-
lay coil in the cathode cir~mit of thin tabe, corrosion can still ')e eliminated
by leaving the coil In Its Initial location in the plate circuit -if the tube,A
bait with the relay triune Insulated from ground and connected to t:,* +33 rupply
potential. in va~rious other Installations,, corrosion may be mini-.rized In the
case of relays with comparativttly low coil voltag~e ratings by grouinding the
Inner or starting end of the coil, so that except -for short per2.ols when the
relay Is energised, the coil has mo d-c potential on the windings. This last
method is Ineffective in e~liminating corrosion If the relay Is an-rgizod for
long period~s of time&
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Vi. Other Corrosion Effects

It is coniidered expedient tc mention a few o thor forriF of cor,-
rosion occasionally emcountered. in relay installations which oight be coal
sldered as factors affecting WWI reliability,

At the suggestion of B.W. Erickson of the GenerAl Electc 0ompa4'I,
mica and asphalt compounds were subjected to corrosion tests 'by Oehranbeck,,
in which 90 volts d-c was placed on two #32 baro copper wires held 3/16"
apart on the curved surface of the insulation samplas by a slight tension.
No corrosion effects were discernible even after long periods at 100. R.R°
and 40 00 ambient, whereas coils insulated the top gade cellulose seldom
lasted more than ten days. He found, however, that. wherever the pecitive.
copper wire was allowed to contact the edge of a mica sample and not a flat
unbroken surface, noticeable oorrouion effects were caused by traces of
electrolytes between mica laminaes. For thin reason, the writer does not
advocate mica tape insulation as a solution because of the large number of
edges presented to the windings.

A corrosion effect involving a telephone relay contact spring and
a bekellte backstop was attributed3 to the action of the cellulose fibre of
the grounded bakelite coil washer on the contact spring which was energized
at +48 volts d-c in abnormal heat and baldity. Replacement of the bakelite
washer with a molded bakelite part eliminated the corrosion.

As early as 1933, Garvin had suggested cellulose acets.te as a
material entirely free of corrosive effects, even in the presence of slight
amounts of moisture, although his diagnosis of the cause of corrosion did
not reveal the true nature of the phenomenon.

As a final example,4 a cycling test was made on a relay "protected"
aaainst duat and atmosplphre rocorosi by a glass cover and rabber gasket, the
test consisting of deensrgizing the relay once every 4 seconds to interrupt
three 6 0-cycle a-c loads of 2-20 volts, 3 amperes, 25% p.f. each, and one d-c
load of 70 volts, 1 ampere. After only 4000 cycles of opqration, contact
arOs reacting with the air inside the cover produced a slight nitric acid
atmosphere. Anhydrous copper nitrate was formed on the beryllium copper con-
tact springs at 30,000 cyles, amorphous %inc nitrate zinc plating st 50,000
cycles, and the atmosphere became strongly acidic at 63,000 cycles.. At
90,000 cycles, ozone concentration became high enouhi to o46dize sirfaces of
silver contacts, hydration of the copper nitrate at 9P,000 cycles was indica-
ted by appearance of green coloring, and coil insulation and gasket material
began to deteriorate at 800,000 cycles. At 8950,000 cycles the zinc plating
was completely consumed, exposed iron surfaces were completely rusted, and
corrosion products begea to pile up in the bottom of the glass cover. The

cumulative chemical reaction resulting from the arcing was given aaa

nitrogen + oxygen -• nitric oxide (gas)

nitric oxide + oxygen -. h nitrogen peroxide

0q• nitrogen peroxide + iater vapor -" nitric acid + nitric oxide JI
,,r•
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In arder to avoid a '7' Of fOr-Cg90-X4 Z GOVt'doi.L t3x1~
iij recommended that rela~y iz. tiacj-Olra satitfy ý*hio 'f01OVIItq - m4,1i
win~dingst of eittiner relays be at a iituqa-e' e&-ý 'ot-tantiaj wt I') r:"'A'~aCt
to any collalono-bared iiSCLaiFVOn 1 lin tmed:lE.1e -,ontaýt wi th "'ciiiu~ 1N;;

b) coilsa of' nev or fataire relay intWIa ooa d only OLY' 1~ea~
tate insulation axnd covering, and c~) t~ho a~rnosph,)rvt cc atpdrd i.a
seatled ralays c~oacivt onliy of i~nert eases th~at 6k) not react *'1'n arn'taxo'
area to form corrosive produet~s..

N~o attempt ban been made 'Ax this re.Ir to 6,esa isto the ::ore
familiar relay trocul~les su2ch as mne Inr'ical. i'in'catc i'ýt:Lag hald.
barning, aud lust accumý..lation an coxxtaa~i, of lmrp~lý InMm'ntated.
The dismistion bas teenI li-i~ted to cor'ros'alo efft~~ict ol etlecta'olyti ori
atmospheric natairt
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